Abstract. The study aims at investigating the use of Landsat thematic mapper (TM) for mapping leaf area index (LAI) in coniferous and deciduous forests in southern Sweden. LAI has been estimated in the field with optical measurements, allometric equations, and litter-trap data, and empirical relationships between LAI estimates and satellite-measured reflectances have been analysed. Several common vegetation indices and multiple regressions where estimated LAI is predicted as a function of various spectral bands are tested. The results indicate significant relationships between Landsat TM reflectances and parameters related to LAI, and the relationships are improved when separating coniferous and deciduous stands. The best relationships occur between Landsat TM data and the product of effective LAI as estimated with the LAI-2000 instrument and a needle clumping factor (L G ), which explains about 80% of the variation in coniferous stands and about 50% of the variation in deciduous stands. The best single bands in coniferous stands are the middle-infrared bands (TM5 and TM7), and the best vegetation index is the moisture stress index (TM5/TM4). The best single band in deciduous stands is TM4, and the best vegetation index is the simple ratio (SR). 
Introduction
The forest biome covers extensive areas and is of major interest for its role in the assimilation and fixing of atmospheric carbon (Running and Nemani, 1988; Chen et al., 1997) . Carbon is stored in the soil and as biomass, and an important part of the exchange with the atmosphere occurs by means of the leaves of trees. The leaf area affects the potential amount of light intercepted by the plants and thereby regulates growth and carbon assimilation (Bonan, 1993; Stenberg et al., 1994a; Goetz and Prince, 1996; Medlyn, 1998) . Carbon fluxes over forests can be accurately measured at single sites using flux towers (Grelle and Lindroth, 1996) , and models have been developed for determining forest ecophysiological processes (e.g., Running and Gower, 1991; Comins and McMurtrie, 1993; Landsberg and Waring, 1997) . To estimate regional and national carbon budgets there is a need for information about the spatial distribution of structural and functional vegetation components, including leaf area index (LAI), which is defined as half of the total amount of leaf surface area per unit ground area (Chen and Black, 1992) . The spatially heterogeneous nature of forests and the need to cover large areas mean that satellite remote sensing may be useful. The possibility of estimating forest LAI from satellite sensor data has been investigated by several researchers (e.g., Running and Nemani, 1988; Chen and Cihlar, 1995; Cihlar et al., 1997) . LAI has been mapped in Scandinavian coniferous forests by Gemmel and Varjo (1999) , Nilson et al. (1999) , and Eklundh et al. (2001) using Landsat thematic mapper (TM) and enhanced thematic mapper plus (ETM+).
The aim of this study is to investigate the potential of Landsat-5 TM data for estimating LAI in deciduous and
Background

Remotely sensed data and leaf area index (LAI)
Reflected radiation from homogeneous vegetation canopies is related to LAI (Tucker and Sellers, 1986) . Relationships between LAI estimates and vegetation indices such as the normalized difference vegetation index (NDVI) derived from satellite sensor data have been observed in several studies (e.g., Spanner et al., 1990a; 1990b; Curran et al., 1992; Nemani et al., 1993; Chen and Cihlar, 1996; Turner et al., 1999; Boyd et al., 2000; Gupta et al., 2000 , Chen et al., 2002 . The relationships are affected by various factors, including canopy closure, understorey vegetation and soil reflectance (Spanner et al., 1990a) , and variations in shadow patterns (Peddle et al., 1999) . Relationships between LAI and middle infrared (MIR) reflectance have been found for boreal forests using Landsat TM and National Oceanic and Atmospheric Administration (NOAA) advanced very high resolution radiometer (AVHRR) data (Nemani et al., 1993; Nilson et al., 1999; Boyd et al., 2000; Brown et al., 2000; Eklundh et al., 2001) . Reflectances in the MIR wavelengths decrease with increased leaf area, as a consequence of increased absorption due to water in the canopies. Boyd et al. (2000) formulated a variation of the NDVI, named VI3, in which the red band of the NDVI was replaced with the MIR band of the AVHRR sensor. To account for differences in understorey and canopy closure, Nemani et al. (1993) applied a different type of MIR modification to the NDVI. The modification was also applied to the simple ratio (SR = NIR/red, where NIR is near-infrared reflectance) by Brown et al. (2000) . MIR information is also used in the moisture stress index (MSI = TM5/TM4, where TM4 and TM5 are reflectances in TM bands 4 and 5), which has been used for detection and mapping of forest decline and defoliation, both in deciduous and coniferous forests (Vogelmann, 1990) . The MSI is thought to measure not one but several, largely inseparable, vegetation properties such as biomass, damage, and water content. The inverse relationship between MIR reflectance and biomass (Ardö, 1992) , canopy closure (Butera, 1986) , and vegetation density (Horler and Ahern, 1986) indicates that the MSI may also be useful for estimating LAI.
We have quoted several studies relating remotely sensed data with LAI; however, it should be pointed out that these are often based on different methods for estimating LAI in the field that may not always be comparable. Some of these methods are mentioned in the next section.
Field-based LAI-estimation techniques
Estimating LAI using destructive field measurements is labour intensive. Empirical relationships between needle biomass and stand parameters have been established for pine (Pinus sylvestris) and spruce (Picea abies) in Sweden (Marklund, 1988) but are not generally available for deciduous trees. For deciduous forest stands it is possible to capture the leaves in litter traps (Fassnacht et al., 1997) and utilize empirical relationships between dry weight and leaf area to estimate the total stand leaf area.
Indirect LAI estimation based on light-interception measurements can also be used. This method is nondestructive and considerably more rapid and can be used for following the phenological development throughout the season. The technique is based on the relationship between transmitted light and LAI. Simultaneous measurements of light are made below and above the canopy, and a relationship based on Millers theorem can be used (Miller, 1967; Welles, 1990; Chen and Black, 1991) :
where L e is an estimate of the effective LAI (the product of LAI and a foliage clumping index; Black et al., 1991) , T(θ) is the transmitted non-intercepted radiation, and θ is the view zenith angle (the expression assumes that transmission is independent of azimuth). Measurements based on this principle have been made in boreal forests by several authors (Stenberg et al., 1994b; Smolander and Stenberg, 1996; Chen et al., 1997; Kucharik et al., 1998) . The effective LAI is only indirectly related to true LAI because of various levels of foliage clumping in the stand. In conifers, needles are clustered, forming shoots, rather than randomly distributed in the canopy (Gower and Norman, 1991; Stenberg et al., 1994b) . It is recommended that the L e values be multiplied by a conversion factor to account for this effect (Gower and Norman, 1991; LI-COR, Inc., 1992) . In both deciduous and coniferous stands foliage clumping due to branches and irregular tree distribution also occurs (Nilson, 1971; Ross, 1981; Chen et al., 1997) . Light transmission measurements are not only affected by photosynthetically active biomass, but also by stems, branches, and dead tissue in the canopy. In dense canopies, however, most of the stems, branches, and dead tissue are shaded by the live needles, and the influence of this material on the light transmission measurements may be limited . Methods for converting from L e to LAI have been developed by Chen (1996) and Kucharik et al. (1998) (see the Methodology section).
Study sites and data
Study sites
The study area is located in Skåne, southern Sweden, at about 55°45′N, 13°30′E, where 67 forest stands (coniferous, deciduous, and mixed) distributed over an area of approximately 60 × 60 km were sampled during the growing season of 2000. The dominant tree species in the study area are Norway spruce (Picea abies), beech (Fagus sylvatica), oak (Quercus robur), birch (Betula spp.), and ash (Fraxinus excelsior). The ground vegetation is dominated by herbs and grasses in the deciduous stands, very sparse mosses in the spruce stands, and sparse grasses in the pine stands.
Remotely sensed data
Only one fairly cloud-free Landsat image could be identified for the growing season of 2000, recorded on June 10. This Landsat-5 image was geometrically corrected against a digital topographic map at a scale of 1 : 50 000, with a standard error of about one pixel (30 m). A radiometric correction and computation of at-satellite reflectances was done according to the methodology in Markham and Barker (1987) , and with calibration coefficients from the Landsat data header of the image. The study area is generally flat, and no topographic correction was made to the data. Bandwidths of the TM sensor are given in Kramer (1996) . Mean at-satellite spectral reflectances for the reflective channels of the TM sensor were computed as averages of 3 × 3 pixels centred over the studied forest plots. The averages were then adjusted for atmospheric effects using the 6S radiative transfer model (Vermote et al., 1997) . Values of water vapour, ozone, and optical thickness were obtained from the Swedish Meteorological and Hydrological Institute (SMHI). Optical thickness was computed from pyrheliometer data from Lund, which is located at a maximum distance of about 50 km from the field area. A modified computer implementation of the 6S code was used (Antunes, 2001) . Atmospheric input data are given in Table 1 . Parts of the satellite scene were affected by clouds and cloud shadows, but plots in these areas were eliminated from the analysis.
Methodology Optically based estimation of LAI
The main data set for comparing optically based LAI estimates with Landsat TM data was collected during a field campaign. Sampling was carried out during the peak of the growing period of 2000 (late July) in all 67 stands. All plots were 100 × 100 m, and about 75 evenly distributed LAI-2000 measurements were made in each plot. In addition, basic stand parameters, such as tree density, species distribution, tree height, breast-height diameter (D bh ), crown radius, and crown height, were sampled in subplots (100-400 m 2 depending on the tree density) in the centre of each plot. A summary of the forest stand data is given in Table 2 .
Effective LAI was estimated using the LI-COR, Inc. LAI-2000 instrument and the C2000 processing software (Welles, 1990; LI-COR, Inc., 1992) . Optical measurements were carried out with two instruments, one with an open-sky view, and one below the canopy. Three methods were used to estimate onesided LAI (L) from these measurements. The first method is a simple correction for needle clumping according to Gower and Norman (1991) :
where L G is one-sided LAI 2 , L e is the effective LAI as estimated by the LAI-2000 using a discrete approximation to Equation (1), and γ e is the ratio of needle area to shoot area accounting for the fact that needles are clumped in conifer shoots. For broadleaf species, L G equals L e . 2 Symbols used in Equations (2)- (4) differ somewhat from those used in the original articles (see also Table 3 ).
The second method follows Chen (1996) and estimates the one-sided LAI of the canopy as
where L C is one-sided LAI, α is the ratio of woody area to total plant area (W/L t ), and Ω e is the element clumping index quantifying the effect of foliage clumping at scales larger than the shoot (i.e., branches and trees). The third method follows Kucharik et al. (1998) . LAI is estimated with the following equation:
where L K is one-sided LAI; L e (θ) is the effective LAI as measured by the LAI-2000 at angle θ; δ(f L ) is the fraction of the branch hemi-surface area index that is exposed to gaps, and therefore intercepts light in the canopy; B is the hemi-surface area index of branches; Ω b (35) ; Ω e (35) is the nonrandomness correction factor for shoots obtained with a mean zenith view angle of 35°; and S is the hemi-surface area index of tree stems.
Data on needle-to-shoot relationships for pine and spruce (γ e ) were taken from Stenberg (1996) , and data on branch area index (B) were taken from Nilson (1999) . For mixed plots, γ e was weighted according to the volume of tree crowns (crown height × crown area × number of crowns) of different species. The two latter correction methods (Equations (3) and (4)) rely on data from other optical instruments for assessing the clumping effects, such as the tracing radiation and architecture of canopies (TRAC) (Chen and Cihlar, 1995) , or the multiband vegetation imager (MVI) (Kucharik et al., 1998) . Since such measurements were not available, a simplified approach for assessing the clumping index was used according to Kucharik et al. (1999) . The method involves the use of LAI-2000 readings from the central optical ring, looking towards the zenith, together with basic stand data such as stem density and stem diameter.
Allometric relationships for estimating LAI
Leaf area index was estimated from allometric relationships in pine and spruce stands. Needle biomass was estimated from multiple regressions based on stem diameter, tree height, crown height, and geographical location (pine only) (Marklund, 1988) . To convert to LAI, values on specific leaf area (SLA, area per mass of dry leaves) of 4.5 mm 2 ·mg -1 for spruce and 7.3 mm 2 ·mg -1 for pine were used (Lagergren and Lindroth, 2002) . Unfortunately, data on allometric relationships for the deciduous species in our study were not available.
Different symbols are used for one-sided LAI to distinguish between the various estimates ( Table 3) .
Litter-fall collection
Litter fall was collected in five deciduous stands as an independent data set for testing the various optically based LAI measures. This process is time-consuming and therefore could only be done in the stands listed in Table 4 . These deciduous stands are situated within the main study area and were sampled during 2000 and 2001. The stands were selected in homogeneous and flat areas, and with one dominating tree species. Ten litter traps per plot were installed in 2000 in random locations, about 1 m above the ground. The traps are nearly circular with a diameter of about 50 cm. In 2001 the number of traps was increased to 15-20 per plot. Specific leaf area was calculated for each plot by harvesting leaves of various sizes from various heights in the canopies. The fresh leaf area was measured, and the leaves were weighted after drying at 75°C for 24 h. Means and standard deviations of SLA are given in Table 4 . To prevent disturbance and minimize reduction by decomposition (Búrques et al., 1999) , the litter traps were emptied and the leaves were dried and weighed at several occasions during the growing seasons. The total LAI was then calculated through the mass of the collected leaves, the SLA, and the litter-trap areas (Fassnacht et al., 1997 result should be regarded as the maximum LAI value of the season, since the leaf mass was summed for the whole season.
Vegetation indices
Various vegetation indices were computed from the atmospherically corrected TM sensor data for testing against estimated in situ LAI (Table 5 ). In addition, multiple regressions were computed between all single wavelength bands and the LAI estimates. The bands to be included in the final relationships were selected according to a stepwise procedure where only a small number of statistically significant bands were retained (Berenson et al., 1983) .
In the statistical testing, mostly linear relationships were analysed, but nonlinear models were also tested for a few of the best relationships in each category (coniferous, deciduous, etc. 
Results
Relationships between different LAI estimates
Correlation coefficients (r) were computed for the relationships between the different estimates L G , L C , L K , and L M (see Table 3 for explanation of symbols) for all stands and for coniferous and deciduous stands separately ( Table 6 ). The two estimates L C and L K both depend on the estimation of the clumping factor Ω e using the method in Kucharik et al. (1999) , and these estimates are strongly correlated with each other. The estimates L G and L M (the latter variable only exists for coniferous stands) are only weakly correlated with each other, and correlations with the estimates L C and L K are negative.
Relationships between TM data and LAI estimates
Tables 7-9 list correlation coefficients for the relationship between various estimates of LAI and single band reflectance and vegetation indices. Table 7 describes all plots (including the mixed plots of Table 2), whereas Table 8 is restricted to coniferous plots and Table 9 to deciduous plots. In all the tables the correlation patterns are similar for L K and L C . This is due to the strong influence of the clumping factor Ω e , computed in the same way for both estimates according to the method of Kucharik et al. (1999) .
TM4, TM5, and TM7 are significantly correlated with the LAI estimates L K and L C for all stands ( Table 7) . Of the 10 vegetation indices analysed, seven are significantly related to L K and L C . GEMI is the index with the strongest relationship (r = -0.44). Correlations with L G are generally stronger than those with L K and L C . A plot of TM4 versus L G displays clearly separated clusters for coniferous and deciduous stands (Figure 1) . The strongest correlation is with TM7 (Figure 2) ; however, it is also evident for TM7 that deciduous and coniferous species form different clusters. Of the vegetation indices, SR and NDVI perform poorly, whereas NDVI c and RSR are the best. A plot of NDVI c versus L G is shown in Figure 3 , and it displays different clusters for coniferous and deciduous species.
When restricting the analysis to coniferous stands (Table 8) , no statistically significant correlation coefficients are observed for L K and L C . The visible bands (TM1-TM3), however, are significantly related to L M , and all bands except TM4 are significantly related to L G . The strongest single band relationships are with TM5 (Figure 4 ) and TM7. A logarithmic relationship improves the correlation slightly (not significantly) compared with the linear coefficient given in Table 8 . Seven vegetation indices are significantly correlated to L G , and these consistently give the highest correlations for L M as well. The strongest correlated vegetation index is MSI (Figure 5) , and the strongest overall correlation coefficient is generated with a multiple regression between L G and TM4 and TM5 (Figure 6) .
In deciduous forest stands (Table 9 ), TM3 and TM4 are the only single bands that express significant relationships with L K and L C . Eight out of 10 indices are significantly correlated, and the strongest correlation is observed with the simple index SR. The overall strongest relationship is generated with a multiple regression of TM1, TM3, and TM4 (Figure 7) .
Relationships between TM data and the LAI estimates L C and L K are fairly similar to those with L G with respect to positive and negative relationships and the number of 
Note: Correlation coefficients in bold are statistically significant (p = 0.05). statistically significant correlation coefficients for deciduous stands. However, the correlation coefficients are consistently larger for L G than for the other estimates. Among the single bands, TM4 is the band that is best related to L G , whereas SR is the vegetation index that is best related to L G (Figure 8) . The strongest overall relationship for deciduous stands is observed when L G is predicted with a regression equation with TM3, TM4, and TM5 (Figure 9) .
Six of the stands in the study belong to the class "mixed", i.e., they contain both broadleaf and coniferous trees. No separate statistics have been presented for these few stands. When studying the proportions of broadleaf and coniferous trees in the stands, however, it is clear that these proportions determine to which cluster the stands belong. A mixed stand with a high proportion of coniferous trees is located in the lower cluster of Figure 1 , whereas a mixed stand with high proportion of deciduous trees is located in the upper cluster of Figure 1 .
Litter-trap data
Results from the litter-trap analysis are summarized in Observed litter-trap LAI has been compared with the optical LAI estimates in Figure 11 . In three stands, L G is lower than L litter , and in two stands it is higher. L K and L C are lower than L litter in two stands and higher in three stands. In stand L4, which is sparse birch, L K and L C are clearly overestimated. The root mean squared (RMS) difference is 0.5 for L G , 2.5 for L K , and 2.0 for L C (the latter two values exclude stand L4). 
Discussion
This study has investigated the use of Landsat TM for estimating LAI. The presented results should be viewed with the limitations of such an empirical study in mind: the sample size is limited due to practical considerations, and the relationships have only been tested on a single Landsat TM scene. To assess the validity of the results it is thus necessary to compare these results with those obtained by other authors.
In coniferous stands the visible bands TM1-TM3 are significantly related to L G and L M , with a strong relationship observed for TM3 ( Table 8 ). This result is corroborated by Eklundh et al. (2001) , Peterson et al. (1987) , and Spanner et al. (1990a) . On the other hand, Fassnacht et al. (1997) Table 8 ). An exception is SAVI, which was found useful for estimating LAI by some other authors (Turner et al., 1999; Broge and Leblanc, 2001; Elvidge and Zhikang, 1995) . Including an MIR band, by modifying NDVI to NDVI 4,7 , improves the relationship somewhat (not significantly) in coniferous plots. This confirms the results by Boyd et al. (2000) , who showed that the relationship between LAI and the VI3 vegetation index was stronger than that between LAI and NDVI. Somewhat stronger relationships are also found when including an MIR scaling to the SR and to the NDVI, which is in agreement with the results of Brown et al. (2000) , Chen et al. (2002), and Nemani et al. (1993) . Among the vegetation indices, the highest correlation coefficient is generated with the MSI, which explains about 75% of the variation in L G (Figure 5) . Overall, the strongest relationship for conifers, explaining 80% of the variation in L G , is obtained when L G is predicted as a function of TM4 and TM5 (Figure 6 ). It should be noted that the MIR channels are sensitive to surface moisture variation that may affect relationships (Brown et al., 2000) . This effect was not tested in our study.
In deciduous stands, only the single bands TM3 and TM4 are statistically related to the LAI estimates, whereas eight of the 10 vegetation indices tested are statistically significant ( Table 9) . Blackburn (1999) found only weak positive relationships between visible wavelength reflectance and broadleaf LAI and concluded that, due to variations in leaf senescence, deciduous LAI may not be related to chlorophyll concentration per unit ground area and therefore may not be Table 3 for an explanation of the four different LAI symbols.
related to visible-band reflectance. At the Landsat acquisition date of our study (June 10) there may be certain phenological differences among the dominant deciduous tree species, since the leaves may not all be fully developed. The strongest relationships among the vegetation indices are observed for SR and MSI in deciduous stands, the former explaining 44% of the variation in L G (Figure 8) . The RSR performs poorly, which is contrary to observations by Chen et al. (2002) , who found that RSR explained 62% of the variation in LAI. Overall, the strongest relationships for deciduous stands are obtained when L K and L C are predicted as a function of TM1, TM3, and TM4 (explaining 42% of the variation) and when L G is predicted as a function of TM3, TM4, and TM5 (explaining 51% of the variation; Figure 9 ). In our study area, the level of explanation of the variation of L G is about 30% higher for coniferous stands than for deciduous stands. Chen et al. (2002) found a similar difference in the estimation of actual LAI of about 10%. There are several possible causes of the weaker relationships in deciduous stands. First, there is a basis for suspecting that the amount and type of ground vegetation in deciduous stands affect the relationships more than in coniferous stands, since ground vegetation is generally very sparse in coniferous stands in southern Sweden but may be abundant in deciduous stands. A second explanation may be related to the fact that the coniferous stands mostly consist of a single species (P. abies), whereas the deciduous stands consist of several species (F. sylvatica, Q. robur, Betula spp., F. excelsior, etc.) , all with individual anatomy and biochemical leaf composition. Variations in pigment concentration per unit leaf area and differences in internal structure would result in differing light-scattering abilities. The coniferous stands are less affected by such differences. As pointed out by Blackburn (1999) , spectral vegetation indices are likely to have restricted use for estimation of canopy LAI when the leaves have differing chlorophyll concentrations per unit leaf area. Third, there may be a difference in the level at which reflectance saturates between deciduous and coniferous species. Chen et al. found that multiple scattering increases rapidly with increasing LAI in deciduous species, causing saturation already at low levels, LAI values of about 2-3. Since most mature deciduous forests have LAI values above 2, satellite remote sensing of these forests would clearly be limited. Our data have few observations below an LAI value of 2, and no conclusions regarding any saturation effect can be drawn.
The correlation coefficients are lower overall when all plots are analysed together than when separating between coniferous and deciduous plots ( Table 7) . Some authors (Brown et al., 2000; Chen et al., 2002) have found that the RSR index may serve to unify mixed forest species, suggesting that LAI estimations may not require cover-type stratifications. In our study, RSR and NDVI c are highly correlated with L G , whereas SR and NDVI are not correlated with L G at all. This supports the hypothesis that inclusion of an MIR band may have a unifying effect on samples from mixed stands. Nevertheless, the clear clustering of data according to tree type (Figure 3) suggests that a better strategy in our study area is to separate between coniferous and deciduous stands. This argument is strengthened by the fact that mixed stands fall in different clusters depending on the proportions of deciduous and coniferous trees.
There is good correspondence between litter-trap LAI for the two consecutive years, even though the number of traps was increased by 50-100% the second year, which supports the validity of the litter-trap estimates (Figure 10) . The slight increase observed in four of the stands is expected because of the tree growth in the stands. There is only weak correspondence between litter-trap LAI and the optical measurements, and the conversion of L G into L K and L C yields very large outliers in one of the plots (Figure 10 ). The RMS difference between litter-fall LAI and optical measurements is smaller for L G than for L K and L C . Considering the low number of litter-trap stands, covering a limited range in LAI, these results must be interpreted with caution.
In most cases the relationship with Landsat TM data is stronger for the simple estimate L G than for L K and L C . Several outliers of improbable L K and L C values affect the relationships with reflectance data. In deciduous plots, the number and size of outliers are lower, and the correspondence with L G is better. Furthermore, in coniferous stands relationships between TM data and the allometric estimate L M are more similar to relationships between TM data and L G than to those between TM data and L K or L C (Table 8) . There is only weak correlation (not significant) between L M and L G , and the negative correlations between L M and L K or L C are counterintuitive ( Table 6 ). Correlation coefficients for the relationships between TM data and L M are generally low, and these relationships are most likely influenced by errors due to sitespecific divergence from the general empirical relationships used .
The generally low correlations observed with L K and L C and the unrealistic LAI values in litter-trap plot L4 appear to be related to an overestimation of the clumping effect in the simplified procedure of Kucharik et al. (1999) . The method is general in nature, but it contains several empirical calibrations that may not be well suited to our study area. Although relationships between Landsat TM data and L G are better than those with L K and L C , it must be emphasised that L G only consists of a simple correction for needle clumping in conifers and is equal to L e in deciduous plots.
Several methods for calculating LAI from light transmission measurements have been tested in the study. Although LAI-2000 estimates of light transmission are comparatively easy to carry out, the ensuing estimation of LAI is problematic due to difficulties in measuring reliable in situ values required for the conversion. The low correlations obtained between the different estimates (Table 6) show that the sensitivity of the estimates to different conversion factors is very high, particularly to the clumping factor Ω e .
The observed relationships between Landsat TM and L G explain close to 80% of the variation in coniferous plots and close to 50% of the variation in deciduous plots. However, the degree to which true LAI can be estimated with Landsat TM also depends on the effect of branch-and tree-level clumping in the stands. Thus, the results of the study allow for two alternative interpretations: (i) TM data are well correlated with L G and, since L G is a parameter related to LAI, there is a strong potential of Landsat TM data for mapping LAI; or (ii) although TM data and L G are well correlated, L G is not adequately corrected for clumping, and the good relationships observed may be due to some factor other than LAI that affects stand reflectances. To test these interpretations, measurements of gap distribution to determine the clumping effect would be needed. Examples of other important issues that need to be addressed in future studies are the influence of the understorey vegetation, saturation of the LAI-reflectance relationships, robustness to surface moisture status, and species-specific variations. Data on these factors will allow for more confidence in establishing the true relationships between LAI and satellite reflectance.
Summary and conclusions
LAI is an important structural variable in biogeochemical and hydrological modelling, and remote sensing may be a useful tool for its estimation over large areas. However, it is important to know the fidelity with which we can make the estimates. In this study we have analysed Landsat TM 30 × 30 m resolution data over forest areas in southern Sweden, with a mixture of deciduous and coniferous species. We have tested parameters that are related to LAI and their relation with satellite-derived reflectances. The results can be summarized as follows:
(1) Branch-and tree-level clumping strongly affects optical field estimates of LAI. Calculations of clumping factors depend on values that are difficult to estimate in situ.
(2) Optical field estimates of LAI are only weakly correlated with estimates based on allometric relationships in coniferous stands (not tested for deciduous species).
(3) Significant relationships are observed between Landsat TM reflectances and parameters that are related to LAI.
(4) Correlations between estimated LAI and Landsat TM reflectances are increased when separating coniferous and deciduous stands, compared with analysing the two forest types together.
(5) The relationship between Landsat TM data and the LAI estimate L G explains about 80% of the variation in coniferous stands and about 50% of the variance in deciduous stands. The degree to which true LAI can be estimated, however, also depends on the amount of branch-and tree-level clumping in the stands.
(6) Multiple regressions, where estimated LAI is predicted as a function of various spectral bands, generate the strongest relationships.
(7) The best single bands for LAI estimation in coniferous stands are the middle-infrared bands, and the best vegetation index is the moisture stress index (MSI = TM5/TM4). MSI is also one of the best indices for deciduous forests.
(8) The best single band for LAI estimation in deciduous stands is TM4, and the best index is the simple ratio (SR).
